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AEFiOl;ryhTAMICS OF TEE PAlUhTNG 

By W i l l i a m  C. Sleeman, Jr., and Joseph L. Johnson, Jr. (*) 

The National Aeronautics and Space Administration has been cor,cutir;- 

research investigations t o  provide information on the aerodyrmic c h a x c ~ e : i s ~ i c z  

of parawings. 

1 h i n g  considered and consequently a f a i r l y  broad s p e c t m  of corii'igdraLions Z2.s 
I 

been investigated. 

~ 2 3  was pioneered by F. M. Rogallo of the  Langley Research Centey, hzs offzrei 

A wide range of applications of the  parawing concq t  i s  c c r e x l y  

U s e  of the tension structure concept for flexisle -dLr~s,  

a aossible  means of recovery and landing of spacecraft since t h i s  t m e  of w l r ~  

can be packaged and deployed i n  a manner similar t o  recovery parachutes, and i n  

addition provides a t t r ac t ive  gl ide and landing f l a r e  capaSil i t ies .  

Of t he  parawing concept t ha t  a re  presently being ccnsidered are  cargo Crop?ix-d, 

cargo towing, rocket booster recovery, powered reconnaissazce droze, aiic zznr?ed 

u t i l i t y  vehicle. 

been obtained i n  research support f o r  specif ic  applications and Yrox basic 

parameteric general-research investigations. 

Other uses 

A considerable amount of low-speed aeroci-pzzLc I r L o r c s ~ L o n  has 

A list of published irLcna;ion 

from these research investigations i s  given i n  references 1 LO 12. 

Some aerodynamic data on parawings have been selected f o r  presentation 

herein t o  summarize some of the  most recent aerodynanic infomatiorA on parzwings . 

obtained at  the.Langley Research Center. The state-of-the-art with regard t o  

I /g5fzm UCCESSICN NUMBER) ITYRI I I  

e 
(CODE) 

(CATEGORY) 

. . . . . . -, 
3A- 



c - 7  

- 2 -  

;i::;ty:.ic:CL studies and some comparisons w i t h  cozventional wlrz tkea--y z r e  a l s o  

?re sent ed . 
. .  L i f t  and drag characterist ics.-  Some typical  l i f t  and &r% C ~ E Z - B C ~ Z ~ : S - ; : S S  

of a large-scale inflated-tube parawing configure.tion are p e s z z x 5  ir. ,?, 1 .- -> -,-) 1 I ' 

as a function of angle of attack of the w i n g  keel. " h e  iif: c.;rva Ls q.2.:~ XL- 

. . .  l i n e a r  between angles of attack of about - 5 O  t o  1 5 O .  F i l a  ChEr~C~2~iS::C 1s 

- . 7 . ,  - . z 2 ̂' ?-. ,-- . < -  assbciated with unlosding of the canopyr whick i s  Le*&bL. ZC La -cL - -^ - -v  ---c ? I - - -  

be discussed l a t e r .  

t e s t  angle of 56'. 

coefficient a t ta ined w a s  1.3.  

as would be expected from a configuration having large d i m e t e r  le-z-ng 2 G e s  

(diameters approximately 12-percent keel length at the a?ex, t q e r i r ;  zcc 

For angles above l5', V i e  ill% iricrszsec -2 UG zzxixa 

There w a s  no evidence of w i n g  stal; acd tLc nl;?iesz l2t 
t 

The drag data snowed a high v 2 - z  c-' 2 n i ; m  C r a g  

4.8-percent keel at the  t i p ) .  

t h i s  configuration w a s  approximately 8 . 5 .  

The m a x i m u m  l i f t -drag  (L/D) r a t i o  obtaincc, :or 

Attainment of higher L/D r a t io s  than  those shown f o r  ;he c o n f i ~ r L v l o n  of 

f igure l ( a )  is highly desirable; it is appropriate therefore 'to cor?sl2,ar szx? 

of t h e  basic  geometric paremeters affecting 

s i ze  was a contributing fac tor  t o  the  relat ively low values of 

on the model of figure l(a), effects of leading-edge s i ze  on L/D are  SK- 

marized i n  f igure  l ( b ) .  These t e s t  resul ts  were obtained OZ an ini'l&c&--zuL 

configuration which had untapered leading edges ant: keel, azc h a  a s 2 r e ~ ~ :  - -: 
t o  naintain t h e  sweep angle of 5 5 O .  

z ,-4gAessive increase i n  L/D as the size of the  leadir4 eCgt k e e l  w ~ ;  

- " ~ x e d .  The highest value of L/D obtained w a s  about 4.4 ?or  t k  u L r 2  w L t k  z 

t-,.c:-x-eQe diameter of 1.5-percent keel length. 

L/D. Inasmuch as tht  leadi:-<-c<e 

L/D G>-L~LL& 

The resu l t s  presented Lr? f i g w e  l(b) zx:, 

- ----.. 

TLS dotted cum? si;c~.n in 

fig& l(b) indicates  an ideal variation of LID which represents an upper 

- *  
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Sciirikary f o r  wings of t h e  given sweep and aspect r a t io .  

f r i c t ion  drag coeff ic ient  f o r  t h e  canopy of 0.013, and the  assw.2tLon oi lcll 

AT e s ~ ; L ~ . t e d  s::2:1- 

- .  
1, i lc-&ing-edge suction w a s  used i n  determination of  t he  arag coef'iciezts. -t 1 s  
I! 
! 
; evident fron comparison of experiment with the  idea l  clirve t h a t  ever. wid? z : : ~  

1 c n d l e s t  leading edges tested,  t he  parawings were fa r  short o f  zhe IE't-drz; 
1 

I: 

j rhtio potential  f o r  t h i s  wing planform. One phase of NASA research hzs bc-er, 
1 
i xcordingly directed toward a t ta in ing  w i n g  configurations zhzt r s d L z e  z a r ?  I'ull;. 

: the l i f t -drag  r a t i o  potent ia l  of t he  wings. 

1 

I 
? 

~1 
I '  ' i  Figure 2 has been prepared t o  i l l u s t r a t e  some important geometric c h r x c -  

' 
I 
i 

t e r i s t i c s  of parawings t h a t  have a s igni f icant  influence on l i f t -d rag  r z t io .  Or! 

the left-hand s ide  of f igure  2 is  i l l u s t r a t e d  the conical-shaped canopy 0 3 x i x L  
1 ,  1 on corventional parawings. 

I 
i 1 pattern sweep of t h e  canopy f ab r i c  & and the f l i g h t  sweep A. When the 

The shape of these canopies i s  deflred by the  ?:et 

1 1  leading-edge sweep i s  increased from 4 t o  A (see sketch A) ,  che car,opy 
I 
! develops two lobes and t h e  surface of t he  canopy l i e s  on two cones which in te r -  
i 
1 sect at t h e  apex as shown i n  f igure  2. Below the sketch i n  f igure  2 i s  i l k s -  

I !  

1 trated the  var ia t ion of geometric t w i s t  across one of t he  canopy lobes,  e x  iT; 
I 

I i s  seen t h a t  t he  washout increases with spanwise distance from t h e  keel.  

canopies having deep lobes (A = loo t o  l!jo greater than &) t he  washout a; the  

ti? may be as-high as 50'. 

For 
1 

\ 
1 
1 

i 
11 
11 shaped canopies i s  i l l u s t r a t e d  at the  bottom of f igure  2 f o r  a wing-lifz ~23:- 

The type of span loading obtained w i t h  cor, lcrl-  

f icient of.,0.4. 

I lift near t h e  t ip .  

The high washout i n  t h e  wing causes t h e  wing t o  car,ry zega-iive 

This type of span loading causes high induce6 &rag a26 Ls a 



on the surface of t he  cylindeq, are para l le l  t o  the  keel, a:& k.vs - -  .rC, -..- i r , . -Lu .- c _  . 
. -  cwber. The more nearly e l l i p t i c a l  span loading f o r  t h i s  ~ n e  e? vLr< X G L - . ~  

? resul t  i n  l e s s  induced drag and higher m a x i m u m  l i f t - d r q  r a t io s  ~ k r .  f;r -;SL 

wings having conical-shaped canopies. 

Lift-drag ra t ios  f o r  parawings having both conical a d  c y l i r , C r l c L  x x x y  

shapes a re  summarized i n  figure 3(a). 

leading edges and the sweep angle of 50° w a s  maiataizec by a s9readc-r 'zx. 

resul ts  are  presented f o r  parawings having aspect r a t io s  o f  2.37 ( q ~ d  1x;;ui: 

leading edges and keel) and 5.45 and these resu l t s  show the gci.- Lr, 

eiiTected from an increase i n  wing-aspect ra t io .  

indicated tha t  appreciable increases i n  

and high-asp&-ratio wings by use of the cylindrical  canopy s h q e .  

value of l i f t -drag r a t i o  of 13.6 w a s  obtained f o r  t he  aspecz-rzclo-3.i3 vi?< 

with the cylindrical  canopy shape. 

lower values of L/D 

character is t ic  which apparently resul ts  fron t i p  stallird of t k z  u ~ ~ v i ~ x c  w~r.;c. 

indicates t ha t  the washout of t:. ~ conical wings w a s  favorable ilc nigh l ~ ' ~ .  

All of these w i n g s  had r i g i d ,  s z x ~ G ~ r . ~ ~ .  

(L/D),=. 

Results Tor these trir-gs LSG 
1 

( L/D)ma were obzained an bo-&> ;ae lov-  

A ixxizuc 
I 

Both of the cyiiridrical wizss, howzvz:, k c  

C .  
h.. at high lift than the  corresponding c0s ic .d  wir<s. 

. -  Although use of t he  cylindrical  wings resulzed i n  c o z s l c z r ~ s l e  i q -  , --.\ __., 

i n  mximum lift-to-drag r a t i o  re la t ive t o  the very highly twisted axi c x 5 c : r c c  -- 
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c ~ n i c d  wings, some moderate washout would be e q e c t e d  t o  i q r o v e  -,:??e ;?:~---G~-L - .  

cistribution and performance of these highly tapered wings. 

xr , tcd i n  figure 3(b)  t o  show effects on 

. ,L.out ., r" 

kccoqlished by adding some rul lness  t o  t h e  trail ir4 edge of t he  ursw:sz& 

cylindrical wing, and the  amount of t h i s  ful lness  i s  defined here by m e  ?la-, 

;&:tern sweep. The f la t  pat tern sweep of  4 8 . 2 O  gave the  basic  z z r o  ;WLS: co:-21- 

t i o n  a t  A = 50' and reduction of t h e  f l a t  pattern sveep allowed %Le zrz:zz- 

c a e  t o  rise above i t s  basic  posi t ion t o  provide a small amount of w ~ ~ h o x z .  

urc  3(b) shows t h a t  addition of some washout increased the  rnaixm l i f t - d r q  

ratio t o  a value s l igh t ly  above 16.0 f o r  a f l a t  paztern swees o: 16". 

cccrease of 

~ s " r  optimum amount of washout fo r  t h i s  wing, with regard t o  

R e s u l t s  LX 1.- .J- 3-  

( L / D ) m a  of adding s, SZEX z.wx: i;f 

The addition of ??&wL: -,,Yx t o  an aspect-ratio-5.45 cyl indrical  wing. 

- .  

. - .  ' 

3 

357-  0 

%e 

( L / D ) m a  with fu r the r  addition o f  washou?; i s d i c z x s  ; k z  :?-ere i s  

(L/il)xa. 

It should be pointed out t h a t  any par t icu lar  wing shown i n  figure j shodi  

cot  be considered an optimum wing because many fac tors  other than L/3 .*,ve ' -5.  t o  

bc considered i n  t h e  select ion of a w i n g .  

cxmple, and t h e  intended application f o r  t h e  wing w i l l  have an i q o & a n t  ' o e a r L ~ y  

on the selection of a wing.. Other fac tors  such as s t a b i l i t y  and control ckarzc- 

tcristics are also important i n  the selection of a w i n g ,  ,and these considerat iox 

w i l l  be discussed la te r  i n  t h i s  paper. 

Structural-weight tra&e-ofI's, fzsr 

. .  

Procedures f o r  estimating the  longitudinal aerodynamic characteriszics G: 

conventional. a i rplane w i n g s  have been r e f i n e d t o  the  point where I'aLrly ; " ~ i z ; - u  - .  . -  

Predictions can be made of such character is t ics  as l i f t -curve  s1c?e, S?LZ lxL...:> 

=xic of a t ta& f o r  zero lift, pitching moment a t  zero l i f t ,  zr,i V ; ~ ~ - - G L C =  

?itching-moment slope. It is  desirable t o  determine t o  what ex tec t  ZLZS? 

CGtihlished estimation procedures f o r  conventional wings can be used f o r  S L X ~ L ~ L  

-_ 
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A t  present only a few checks have been ro&e far ~ ~ ~ c i , : : ; : ,  parawiws. 

general the estimates of the  aforementfoned wing charecterisL;ics ::L.,-L 1- -,-. 

t o  be i n  f a i r l y  good agreement with experiment. O x  such c x ~ x : ~ ~ : :  1,: ._,..- 

sented i n  f igure 4 t o  show experimental aqd estimsted l i f t  c:larzcze;-:~;-:~ . .  _ I ,  .. 

cylindrical and conical wings.of aspect r a t i o  5.k5. 

The comparison of experimental l i f t  characteristics 2reser.tz5 In -;L -. - ,  - 

hand portion of figure 4 shows a large diyference i n  keel z<h 0;' Z Z - ~ Z : : ~  : % % - - .  

zero lift between the  conical and cylindrical  wizgs. Xt'r,zu;:- T,:.?X LE c~ . , . .  
. .  

- .. . differences between the  experimental and estiaatec aniglc for zi-r.3 - .  '--- 
-...A v, U._L 

. 

theory gave a good estimate of the change i n  zero- l i f t  a x l e  L- :L-:-- - - -'.'- L A C . . .  . L.. 

conical t o  the  cylindrical  wing. The difference between test Zsta L::: - .  -L:~;: 

shown f o r  a given wing probably occurred because the actual f l e x 2  7 0-5 ..7 7 - -  . .  , . 
-.I --A<, .--I. 

not  have the  t rue  conical o r  cylindrical  shapes tha t  were ass-aeL ;'or t i - i  

estimates. 
x 

Another point of i n t e re s t  shown i n  f igure 4 is  the ai;';'z-escz i n  G;;C:L:::.;. 

The cy l icL. r icL -.::rd c~.-:~. . ~ l i f t -coef f ic ien t  range for the  two canopy sha2es. 

tested near zero l i f t  (a, = 0') and there w a s  no canopy 1ul;'icg zSro.c;:*x~-~ -L.<: 

t e s t  angle-of-attack range. 

the m i n i m u m  l i f t  coefficient t ha t  could be obtained without a2precizAe L-.".,.. 

The conical wing, on the other hand, WLS ~:Y.:LL. 1:. 

_., 
-4 

deformation and flapping, and t h i s  minimum l i f t  coefficient can 3 e  cons:;;.:.,- . -  

t o  define the  lower boundary of t he  normal operational r awe  of t h e  win;: x-:,:. 

regard t o  canopy behavior. Experience with a range of wi74 sweer ~ r - 5  csr.::. . 

canopy shapes has indicated i n  general t ha t  the minlmui 0 2 ~ r ~ ; i G : - -  - I , ~  L.,i- 

f i c ien t  i s  approximaieiy 0.4. 

t iona l  lift coefficient f o r  cylindrical-c=.s,y wings may be d e t e d n e d  Sy 

pitching moment ra ther  than lift characterist ics.  ) 

-. ---. , . , .  . -  

. .  {it w i i i  be shown iazer  thst <le EX:LG:. u-JL:.:-- 

-- 

. . . . . .. . 
.- -~ 
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The estimated and experimental lift-curve slopes presented i n  t& l?:-u-L-.-L 

p lot  o f . f igure  4 are  i n  good agreement f o r  both canopy sha2es. 

comparisons f o r  a large range of wing planforms, a sumary of li=17;-c‘cvc s l l ;ys  

i s  given i n  the  right-hand portion of f igure 4. 

selected t o  allow the  use of any sweep o r  aspect r a t i o  and t o  I ncLca te  a?xo:.::- 

mately the value of section l i f t  slope 3 3  c x -  

p r i s o n s  shown have been limited t o  t e s t  data obtained a t  a f2Lrly k,Ls? d y ~ z z z  

pressure and f o r  w h i c h  check runs have substantiazeci t o  b e  fzLrly Gcc.-r~:? EL:&. 

The present comparison of experimental and t h e o r e t i c a l  l i f t -curve slol;..; L A i -  

cates that  a section lift slope 

Ir: or&r Y V  LLGW 

The form of presenzztion i<za 

a. t o  be used i n  the t h e o r y .  

a, of approximately 0.Cg would Se ?x2e.~;?d zo 

y ie ld  a good estimate of wing-lift slope when used i n  the theory of r ~ . ? e - - ~ ~ - -  - - . . A L L  - 3 .  ’.- 

Longitudinal s t a b i l i t y  characterist ics.-  Pitching-noment &ar~ctezls;Lcs 

are summarized f o r  several parawing configurations i n  f igure 5 .  Tke us;%er le?:;- 

hand portion shows resu l t s  f o r  the  large-scale inflated-tcbe configwatlo- 

previously discussed i n  f igure 1. Pitching moments of the  wing L o n t  ars ? r e -  

sented about a moment reference on the  keel and indicate tha t  the wire ::?cs 2 

negative pitching moment at  zero angle of attack and does not t r h .  

a c t e r i s t i c  i s  f a i r l y  common t o  low-aspect-ratio parawings with conic& c z o p c s 2  

so t ha t  i n  most typ ica l  parawing applications, t he  center of graviLy hes  io be 

located an appreciable distance below the  keel i n  order t o  have 50th t r i m  ecd 

3 L s  char- 

s t ab i l i t y  at posit ive lift;. 

gravity located O.5OZk below the  wing showed tha t  the  configuration ur l sze2  

st a keel angle of attack of 2 6 O  and was highly s table  from about 15’ --- “U 50 / o  . 

Pitching moments about the configurztlon center 02 

2: tSe range of canopy luffing mentioned i n  connection with figures 1 z~ci Y .  
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The resu l t s  i n  the  top right hand of f igure 3 snow ? i ~ c k i r < - x s x ~ - ~  L:~kv---.-- 

' t e r i s t i c s  of the  family of w i n g s  for-which the 

figure 3. 

posi t ion below the  keel (z/b = 0.3) .  

center of gravity was located t o  provide tria a t  a l i f t  coe2'lLcLer.t 0,' C.3, L~L:c.: 

w a s  an average CL f o r  ( L / D ) ~ -  for  t he  four  wirigs. '32s~- T C S Y ~ Y S  2.c,? :?L-~ 

all of the wings could be trimmed a d ,  with t he  exceptior, of tk? ~q?c-z-:-.--:~c->.-> 

cylindrical. wing, had posi t ive s t ab i l i t y  over most of t h  o ~ ? r z : i c r L ~  --- 

The high-aspect-ratio cylindrical. wing showed the  well-known loss  of s x c l c  

L/D suzxo ry  wcs ~ r ~ s z - . ~ ~ ~  -:. 

The moment reference f o r  all of these wiri2;s w a s  h c x z ~  zt X L  ;-...+ 

The loagitudind. posit ion o l  ;h? LSS~-.LL 

- -- -,- .- 
A .--.-G. 

longitudinal s t a b i l i t y  at moderate l i f t  encountered on meny swegz w l ~ d s .  S-"--' ",LAC 

longitudinal s t a b i l i t y  could be provided over the  l i f t -coef f ic ienz  rats I n  t h i s  

case by the  use of a much lower center-of-gravity posit ion Sax scch  8 dirnze 

would not eliminate the  undesirable nonlinearity of  the pitching-nocer;i curve. 

It should be noted that the addition of a sanall a0'm.T. 0: waskout which 2roviciC-C 
. - .  . . .  

an increase i n  (L/D)- f o r  t h i s  w i n g  ( f i g .  3 )  a lso  w a s  &:ne?ic;a 2:. & a z y i r . ~  

and reducing the severity of the  unstable break i n  the p i tch i r2  s?or=ects 02 t h e  

cylindrical. wing .  "he f a i r l y  large amount of wzshout i n  the high-aspect-raio 

conical wing al leviated the  t i p  stall and no loss  of s t s 3 i l i t y  w%s irLica-w< up 

t o  a lift coefficient of 1.0. The high l eve l  of , s t ab i l i t y  show. ?or t h i s  vir4 

* could be reduced, i f  desired, by raising the  center of gravity zowzrd the keel. 

The pitching-moment data  f o r  t he  family of conical a c C  c y L r - L r i c z l  ~?i?!s 

were not measured at negative angles of attack, but a 2  or" zl:csz x:?zs ~ G - J  2 

- -  . . -  
tendency toward s t a t i c  i n s t ab i l i t y  a t  low l i f t  c o e f f i c i e x s  Z ~ : K - G L I ~  SX:.LL~ zo 

t h a t  previously discussed f o r  the  large-scaLe, low-aspect-rztx cc r? l c i  T.~irz. 

For t h e  cyl indrical  wings, t h i s  tendency is  somewhat s u r p r i s i r !  L r  viev of :'ne 

difference i n  Uft character is t ics  for  t h e  conical and cyliadAcc3. w i q s ,  a: lo:: 

. .  . ~ ~ .. . . . . .. . . . ~~ ~ . 



- 9 -  

angles of attack mentioned e a r l i e r  i n  connection w i t h  f igure 4. IC r2igcrs ;h?s; 

the low-lift  operational boundary f o r  the cylindrical-canopy wings zzy Ah,-.--~:’ar? i.--c- 

be determined by the  var ia t ion in the  pitching-moment character is t ics  rx2xr 

then lif’t characterist ics.  

Although the  low-lift range may.be considered outside of the n m m d  G > ~ - Z -  

t i o n a l  range f o r  parawings, there  are some conditions t h a t  could cziLsc 2 ~ X - ~ V L L Z  

configuration t o  enter  t h i s  lift range inadverteatly. I n  tne czse 0: 7;l-x lor;.- 

aspect-ratio conical w i n g ,  which has seen the most use t o  date, these C?.EZ.-LC=Z-- 

i s t i c s  a t  low l i f t  have been found under some conditions i n  roodel flight tssts 

t o  result kn an end-over-end tumbling motion. 

Sone s t a t i c  force t e s t  data related t o  the turnbling problez: are Sresentc-d 

i n  the  lower p lo t  of f igure 5. 

t h i s  p lo t  over a 360° angle-of-attack range for a low-aspect-rztio cociczl 

Pitching-moment character is t ics  are  ~ r e s e z t e i i  i?, 

prawing with low center of gravity together with similzx data f o r  E converi’l ioxl 

delta-wing configuration with the center of gravity i n  the  plzns a: 2~  vir^. 

The data show t h a t  near 0’ (and 360~) angle of a t tack both configixezLor-s s r e  

s table  and trimmed. I n  the  case of. the  conventional w i n g ,  a distur’oame vhich 

pitches the  wing away from i ts  trim point is  opposed by large restorLrig ~:o:i.zxs 

which a re  symmetrical at posit ive o r  negative angles of attack. I n  the czse of 

the parawing, however, there  i s  a region of s t a t i c  longitudinal i n s t s b i l i t y  zzt 

low negative angles of attack and large differences i n  the  magnitude of the 

posit ive and negative pitching moments over -bhe angle-of-attack raGe. 

th i s  combination of s t a t i c  i n s t ab i l i t y  and asymmetry i n  the  pitciiiF4 ---- LU-e.3-b I 

It I s  

example, a parawing configuration which pitches downward throw\ I t s  - G I ~ L  v- 

t o  low negative angles o r  attack will encounter the  region of sC&-cic l o a g i t u d i r d  

-- 
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i n s t a b i l i t y  and will therefore tend t o  pitch downward t o  even higher neGetivc- 

an€fleS of attack. 

damping i n  p i tch  and the  posi t ive restoring moments in the  300' t o  i80° a i ~ ~ i e -  

of-attack range, t h e  pitching motion w i l l  continue w i t h  energy being i'ed lnto 

t h e  system by the  large negative pitchipg moments i n  t h e  180° t o  Oo uAgle-af- 

a t tack  range. 

established f o r  a configuration of t h i s  type. 

t h a t  predictions of a tumbling motion cannot be made based on s t a t i c  data r l o ~ e .  

There are other  factors,  such as damping i n  pitch, mass and i n e r t i a  characxeris- 

t i c s ,  and t h e  var ia t ion i n  airspeed o r  dynamic pressure which must be considered 

i n  determining stable and unstable boundaries i n  a dynamic s t a b i l i t y  problem of 

this type. 

If the  pitching motion is strong enough t o  overcom botk t h e  

It is  thus possible f o r  a steady nose-down tumbling notion t o  be 

It should be pointed out, however, 

Lateral  s t a b i l i t y  characterist ics.-  I n  a typ ica l  paraglider vehicle, t he  

f a c t  t h a t  t h e  center of gravity l i e s  an appreciable distance below the  wing may 

s igni f icant ly  a f f ec t  t h e  l a t e r a l  s t a b i l i t y  character is t ics .  

tlie s t a b i l i t y  derivatives involving rol l ing moment o r  ro l l i ng  veloci ty  w i l l  

r e f l e c t  t h e  influence of t h e  wing side force and s ides l ip  charac te r i s t ics  zo a 

For such a vehicle, 

considerable extent, and, i n  addition, the axis of least i n e r t i a  may well  be 

or iented nearly perpendicular t o  the  f l i g h t  path ra ther  than nearly along t he  

flight path as i n  more conventional a i r c ra f t .  While these considerations a re  of 

significance with regard t o  both s t a t i c  and dynamic s t a b i l i t y  character is t ics ,  

, O d y  6ome implications of t h e  s ta t ic  s t a b i l i t y  derivatives w i i l  be discussed i n  

this paper. 

'Tne s t a t i c  lateral s t a b i l i t y  parameters Cnp &iG 21p u"u-ut the st&Lfl;ty 

axes f o r  t h e  large-scale inflated-tube model of f igures  1 and 5,  and f o r  t he  

small-scale conical and cyl indrical  models are presented i n  f igure  6. On the  

- -  
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eft-hand s ide of t h i s  f igure the  data show that  the  large-scale model was 

t a t i c w  direct ional ly  stable posit ive 

Pfective dihedral 

ncreasing lift coefficient, are generally representative f o r  parawing configura- 

Lons of t h i s  type. 

Cnp) and had large posit ive values Of 

The values of these derivatives which increased w i t h  

( 
(-cZP) 

Presented on the right-hand s ide of figure 6 i s  a p lo t  of 

t o  show t he  e f fec t  of canopy shape and aspect r a t i o  on the  

:atic l a t e r a l  s t a b i l i t y  parameters of the  family of parawings previously ais- 

s s e d .  For a p lo t  of t h i s  type, combinations of Cnp and -Czp which fall i n  

le midportion of the  first quadrant are generally desirable from the  stanapoint 

E' dynamic l a t e r a l  s t ab i l i t y .  

iich has combinations of C and -Czp as indicated i n  f igure 6, has been 

)und t o  have generally sat isfactory dynamic l a t e r a l  s t a b i l i t y  character is t ics .  

against -Czs 'P 

For example, the low-aspect-ratio conical w i n g ,  

"B 

1 some cases, however, poor Dutch r o l l  dmping has been observed f o r  t h i s  para- 

ing configuration when large destabil izing bodies such as boosters were sus- 

?nded beneath the  parawing I n  such cases the  s t a t i c  direct ional  s t a b i l i t y  of 

ne combination w a s  probably reduced t o  very low posit ive values. 

On the  basis of t he  f l i g h t  test experience t o  date with the low-aspect- 

3tio conical w i n g  it would appear t ha t  the  aspect-ratio-5.45 conical wing, which 

d s l igh t ly  higher values of CnB f o r  a given value of -CzP, should generally 

we sat isfactory dynamic lateral s t a b i l i t y  characterist ics.  For the cyl indrical  

Ings, however, t h e  low values of direct ional  s t a b i l i t y  i n  combination with 

i a t i v e l y  high values of posi t ive dihedral effect  could lead t o  poor or  unstL3le 

ktch r o l l  damping. I n  addition, the low positive values of Cnp at moderate 

:so occurs f o r  t h e  high-aspect-ratio Cylindrical wing at a slightly higher lift 
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coefficient)  point out t h e  poss ib i l i ty  of direct ional  s t a b i l i t y  problems w i t h  

these wings. 

providing increased s t a t i c  direct ional  s t ab i l i t y  f o r  the  cyl indrical  wings will 

be required i n  order t o  insure sat isfactory dynamic l a t e r a l  s t a b i l i t y  character- 

i s t i c s .  

conical wings i n  t h i s  respect are the  use of auxiliary f i n s  o r  panels, and 

lowering the  leading edges with respect t o  the  keel. 

On the basis of these results, it appears t ha t  some means f o r  

Some configuration modifications t h a t  have been found effect ive on 

Longitudinal control characterist ics.-  Longitudinal control f o r  East para- 

wing applications currently being considered i s  accomplished by sh i f t ing  the 

center of gravity re la t ive  t o  the  wing. 

longitudinal control through the  center-of-gravity s h i f t  control system i s  

illustrated i n  f igure 7. 

Some basic information pertaining t o  

The p lo t  at the l e f t  of 'this f igure shows the  pitching- 

moment curves resul t ing when the  center of gravity i s  sh i f ted  forward as i l l u s -  

t r a t e d  i n  the  sketch from posit ion B t o  A o r  rearward from posit ion B t o  C.  

When the center of gravity i s  shifted forward t o  t r i m  at  a lower l i f t  coefficient 

(point A), an increase i n  s t a b i l i t y  is also obtained as indicated by tkie increased 

slope of t he  curve. 

wing is  trimmed t o  a higher l i f t  coefficient (point C ) .  

Conversely, there  i s  a reduction i n  s t a b i l i t y  when the para- 

For cable-supported payloads, center-of-gravity movement i s  achieved by 

changing t h e  lengths of t he  cables. 

payload are connected by a r ig id  t russ ,  center-of-gravity s h i f t  is accomplished 

by.relat1ve movement of the  payload with  respect t o  the  wing  about a f ixed pivot. 

For both types of apglications the  wing pitch character is t ics  about the pivot 

On other applications where the  wing and 

(virtual pivot for'the.cab1e'conf'iguration) are important and t'ne sign ef CILLL 

pitching moment at zero lift .& determines whether t h e  control-force Gradients 

3 . "  are stable ' .or unstable. - _ .  ~ 
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The effects of C& on control forces f o r  the fixed-pivot application are  

i l l u s t r a t e d  i n  f igure 7(b) which shows pitching-moment data referred t o  the  wing 

pivot. 

posi t ive value of CQ, while curves 2 and 3 have a common negative value of 

(2%. 

keel and therefore the  curves have the  same slope. 

of change i n  curve 2 when the  wing pivot i s  moved rearward so  tha t  zero 

is  obtained at  the  same value of CL as for  curve 1. The stick-force character- 

i s t i c s  f o r  t he  three conditions shown-indicate tha t  a posi t ive value of Cmo 

provides a stable stick-force var ia t ion w i t h  speed ( tha t  is, a pu l l  force i s  

required f o r  t r i m  at the  lower speeds and a push force at the  higher speeds) 

whereas an unstable var ia t ion I s  obtained when (&, is  negative. The sign of 

C& therefore can be taken i n  a direct Indication of t h e  type of stick-force 

gradient t o  be expected f o r  a given wing. A s m a l l  posit ive value of CQ is  ' 

usually considered desirable from considerations of handling-qualities and 

control-force requirements. 

Three assumed pitching-moment curves a re  presented - curve 1 has a 

For curves 1 and 2 the  wing pivot I s  located at  the same point on the  wlrz 

Curve 3 represents the manner 

Cmpivot 

Both wing planform and twist  dis t r ibut ion have an important influence on 

the wing pitching moment a t ' z e r o  lift. 

f o r  several  wing configurations are presented i n  f igure 8. The ef fec ts  of aspect 

r a t i o  f o r  50° swept conical w i n g s  having a f l a t  pat tern sweep of &, = 4 5 O  

shown i n  t h e  upper left-hand plot.  

having aspect r a t io s  below about 5.0 have negative values of 

posit ive values of (& Increase with increasing aspect ra t io .  The explanation 

Some resu l t s  summarizing these e f fec ts  

a re  

These resul ts  indicate tha t  conical wings 

CQ; above A = 5 

=f Chh . - - - J - 4 . * - -  -a 
V A A s  V - A u u A u L A  C% ~ i t h  m g e ~ t  i-6G.0  die^^ l i e s  iii t h e  i-elutive td'tecis 

of camber (which contributes 0%) and twist which produces a +Cw). A t  low 

aspect r a t i o  the camber effect predominates Inasmuch as t h e  twist contribution 

( 

- @  
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is  a function of the  quarter-chord sweep, and this sweep i s  re la t ive ly  i ~ w  t ~ t  

low aspect ra t io .  The twist contribution a r i ses  from a couple produced by ilil 

upload near t he  apex and a download near the  wing t i p s .  

increases, t he  contribution f r o m  t h i s  couple increases i n  proportion t o  tne  

quarter-chord sweep and becomes l a r g e r t h a n  the camber contribution a t  aspect 

r a t i o s  above about 5.0. The experimental resu l t s  appear t o  be i n  f a i r l y  good 

agreement with the theore t ica l  variation of 

Kings. 

because these wings were designed t o  have zero t w i s t  and c a b e r .  

results, on the other hand, indicate that  negative values of 

aspect r a t i o  and become more negative with increasing aspect rztio. 

t i o n  indicates the poss ib i l i ty  that under actual  t e s t  conditions, the cyl indricdl  

canopies deformed at the  trailing edge i n  a manner t o  provide washin at  %he t i p s .  

As the  aspect r a t io  

% 
Theory f o r  the cyl indrical  canopies, of course, w o d d  indicate zero 

with aspect r a t i o  f o r  conical 

C,, 

Experimental 

C,, occur a t  low 

This  varia- 

Inasmuch as Cmo is  determined by the  re la t ive  e f fec ts  of t w i s t  ana cmber, 

it would be expected t h a t  f lat  pat tern sweep, o r  amount of canopy ful lness  would 

have an important e f fec t  on 

high-aspect-ratio conical wing a re  summarized i n  the  upper right-hand portion 

of figure 8. 

t i v e  values of Cmo 

pa t te rn  sweep) and t h a t  t h e  value of (&, 

tighter canopy (4 = 47.5O) than the  basic 4 = 45O canopy. Further increases 

(2%. The ef fec ts  of f lat  pat tern sweep f o r  the 

These results show t h a t  even f o r  the high-aspect-ratio wing, nega- 

may be encountered i f  the  canopy is  too full (low f lz t  

can be increased somewhat by using a 

i n  f la t  pa t te rn  sweep would be expected t o  remove the  favorable t w i s t  e f fec t  as 

wel l  as t h e  camber effect .  

--* --.I - A J  - - D---- - - - 4 - + 4 n - -  --a n k n v m  o+ +ho hr\++r\m cf figdye 8 fer 3vme &,Y~J.LC~U. ~ I , L & - A u A L ~  v - A a w A V u e  u A A w - b *  u w  YAa- - v w w v I  

t h e  f a m i l y  of Kings previously discussed. 

expected, t h a t  t he  high-aspect-ratio conical wing provided a s table  stick-force 

These results indicate, as would be - 

# 
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gradient, while the  other three w i n g s  had unstable stick-force gradients. 

f l i g h t  t e s t s  of the NASA parawing research vehicle, which employs a low-aspect- 

r a t i o  conical-canopy wing, an objectionable unstable stick-force gradient w a s  

In 

' experienced over a large portion of the speed range. I n  the case of the Gemini 

parawing recovery system, which also employs the low-aspect-ratio conical wing, 

an i r revers ib le  power boost system is t o  be used which w i l l  mask any unstable 

stick-force gradient encountered with t h i s  system. 

Lateral  control characterist ics.-  Some f'undamental parameters involved I n  

t he  l a t e r a l  center-of-gravity s h i f t  o r  wing-bank control system are i l l u s t r a t ed  

i n  the  sketch and formulas at the upper l e f t  of f igure 9. The formula f o r  net 

ro l l ing  moment is based on the assumption tha t  when the  wing i s  banked, the lift 

vector i s  t i l t e d  with the  wing and has a l a t e r a l  component which produces a 

rol l ing moment about the  center of gravity through t h e  arm 

conditions the  lateral component of the  l i f t  acts behind the center of gravity, 

z/b. Since f o r  t r i m  

it also produces an adverse yawing moment through the  am x/b. When the  side- 

s l i p  angle resulting from t h i s  adverse yawing moment i s  taken in to  account, it 

can be shown t h a t  the  favorable rol l ing moment produced by the l i f t  vector i s  

. The fac tor  within the  czP reduced through t h e  effect ive dihedral parameter 

brackets 

1-21 
is designated as the  rolling-effectiveness parameter and conveniently expresses 

the percentage of ro l l ing  effectiveness tha t  i s  actual ly  available f o r  a con- 

figuration employhg the  wing-bank o r  center-of-gravity s h i f t  control system. 

For configurations having high r a t io s  of -CzB/cnp and low values of L/D, t he  
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, ro l l ing  effectiveness becomes small  and therefore t h e  net ro l l i ng  moxcnt i n  such I 

cases i s  reduced. 

t iveness  obtained f romthe  above formula are  only approximations since the fom;dz 

w a s  derived on the  basis of s t a t i c  considerations alone. There are  o ther  factors 

It should be pointed out t h a t  t h e  estimates of r o l l i n g  erfec- 

\ 

Such 8s moments of i ne r t i a ,  incl inat ion of the  pr incipal  a i s  of ine r t i a ,  and 

dynamic s t a b i l i t y  derivatives which must also be taken in to  consideration i n  t h e  

final analysis of t h e  control effectiveness under dynamic conditions. 

Presented i n  t h e  lower l e f t  p lo t  of f igure  9 are  values of roll ing- 

eFfectiveness fac tor  p lo t ted  against net rolling-moment coeff ic ient  f o r  t he  coni- 

c a l  and cyl indrical  parawings of aspect r a t i o  2.7 and 5.45. 

p l o t  show t h a t  t h e  low-aspect-ratio conical wing has posi t ive values of t he  

The r e su l t s  of t h i s  

rolling-effectiveness f ac to r  from about 0.5 t o  0.7. 

f o r  t h e  aspect-ratio-5.45 conical wing and therefore  t h e  net ro l l ing  moment pro- 

This fac to r  is increased 

duced by King bank is increased i n  t h i s  case. 

s ign i f icant  t o  note t h a t  the  rolling-effectiveness f ac to r  i s  negative and t h a t  

For the  cyl indrical  w i n g s ,  it'is 

t h e  rolling moments produced by King bank are  therefore  negative or  adverse - 
t h a t  is, banking the  King t o  t h e  r ight  would produce ro l l ing  moments t o  the  l e f t .  

1 

Analysis indicates  that despite t h e  increased values of L/D f o r  t he  cy l indr ica l  

wings an adverse ro l l i ng  effectiveness In these cases r e su l t s  from the  low values 

of CnS and relatively la rge  values of -Czp inherent i n  this type of parawing. 

(See f ig .  6.) It appears necessary, therefore, t h a t  i n  order f o r  t h e  wing-bank 

- *$ecome sffect lve i n  these cas,es, the  r a t i o  of -Cxp/cnp must - -*-- ----*>- i- 
, - - 

---- S & l y  through increased Cnp o r  perhaps through t h e  cozblna- 

t i o n  of increased Cn and reduced -Cis' B- 
I n  the  p lo t  on t h e  right of figure 9, t h e  rol l -control  forces experienced 

with t h e  wiw-bank control are compared with those f o r  a wing-tip control which - 
I 

c 
. . . .___L___ 
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Gay be considered equivalent t o  an aileron control on a conventional wing. 

values of z/b 

Two 

are shown f o r  t he  wing-bank control, the  value of 0.50 corre- 

sponding t o  that  used on the  Gemini  parawing recovery system and t h e  value of 

0.135 corresponding t o  tha t  used on one research configuration. From this plo t  

I it is  seen tha t  for a given rolling moment, the control forces with a wing-bank 

control system will be considerably higher than those with an aileron-like wing- 
I , 
' t i p  control. 8 .  . 

L .  

, .  . . .  . \ . . ,  . . . . , .  
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SYMBOLS 

The coeff ic ients  a re  presented Kith respect t o  the  s t a b i l i t y  axis system 

and the  reference area used i n  reduction of t h e  data w a s  taken as t h e  cscopy 

f la t  pat tern area. 

A 

Coefficients and Symbols used a r e  defined as follows: 

b2 
Projected area aspect r a t i o  of projected wing planform, , 

b 

2k length of t h e  wing keel, f t  

projected span of wing, ft 

Y spanwise distance from kee l  center l ine ,  f t  

CD 

CL 

itreg coefficient,  Dra@; 
9s 

L i f t  lift coefficient,  - 
qs 

Pitching moment pitching-moment coefficient, 
qszk c, 

cmo pitching-moment coefficient at zero l i f t  (see f i g .  7(b)) 

Cn Yawing moment yawing-moment coefficient,  
SSb 

Rolling 'moment rolling-moment coefficient,  
SSb 

s t a t i c  direct ional  s t a b i l i t y  parameter, per deg CnP 

c l P  
. ef fec t ive  dihedral parameter, per deg 

9 ' .  free-stream dynamic pressure, lb/sq f t  ' 

S area of wing canopy f la t  pattern, sq ft 

v airspeed, knots 

z distance from center of gravity t o  wing keel, iiieasurz2 n=xzA tc! keel 

unless otherwise indicated, ft 

a angle of a t tack  of w i t g  keel, deg 

- 
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angle of sideslip, deg 

' 'sweep of wing leading edge, deg 

sweep of leading edge of the canopy flat pattern, deg 

2 sweep of the Wing half-chord Une, deg 

SKETCH A 

' WING APEX 

RAILING EDGE 

; .  
I '  

. .  

, 
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